ABSTRACT: Hysteresis is an important feature of enzyme-catalyzed reactions, as it reflects the influence of enzyme regulation in the presence of ligands such as substrates or allosteric molecules. In typical kinetic studies of enzyme activity, hysteretic behavior is observed as a "lag" or "burst" in the time course of the catalyzed reaction. These lags and bursts are due to the relatively slow transition from one state to another state of the enzyme molecule, with different states having different kinetic properties. However, it is difficult to understand the underlying mechanism of hysteresis by observing bulk reactions because the different enzyme molecules in the population behave stochastically. In this work, we studied the hysteretic behavior of mutant β-glucuronidase (GUS) using a high-throughput single-molecule array platform and investigated the effect of thermal treatment on the hysteresis.
■ INTRODUCTION
Hysteresis in enzymology reflects the influence of enzyme regulation in the presence of ligands such as substrates or allosteric molecules. 1−3 A hysteretic enzyme will have a slow response to a rapid change in the concentration of substrate, where such a slow response manifests itself as either a "lag" or a "burst" in the kinetic property. 4 Hysteresis has physiological significance in enzymology because it functions to control inhibition or activation of a biological pathway. For example, it could modulate the amplitude of inherent oscillations of a metabolic pathway and therefore benefit the cell. 5 An enzyme exhibiting hysteresis usually means that it has additional states with different kinetic properties. For example, hysteresis may be a reflection of a ligand-induced slow jump of an enzyme between two forms with different catalytic activities; 2, 6, 7 hysteresis may also result from a ligand-induced slow isomerization reaction of an inactive or partially active enzyme species into a fully active conformation. 2, 8, 9 In addition, different enzyme molecules could remain in different kinetic states at different time points, which makes hysteresis challenging to analyze from bulk measurements.
We and others have developed technologies to measure enzymatic kinetics of populations containing hundreds to thousands of single enzyme molecules and revealed the heterogeneous activity of horseradish peroxidase 10 and β-galactosidase. 11 In these experiments, instead of observing only one or a few enzyme molecules, the kinetics of many singlemolecules can be monitored simultaneously in solution in femtoliter-sized reaction chambers without immobilization, using droplets, 12 liposomes, 13 or optical fiber bundles.
14 In this paper, we investigated several β-glucuronidase (GUS) variants containing amino acid substitutions at different surface sites. These substitutions caused the enzymes to exhibit hysteresis behavior. We performed a single-molecule enzymology study to understand the hysteresis mechanism. GUS belongs to the glycosidase family of enzymes that catalyzes the breakdown of complex carbohydrates. It has been intensively used as a gene expression reporter and also has been frequently evolved in vitro for a variety of additional functions. 15 The single-molecule kinetics of GUS and multiple evolved forms have been studied previously. 16 Via protein engineering, we found that a new type of surface modified mutant GUS exhibited hysteresis behavior. To understand how the engineered enzyme transits from one state to another, a microwell array platform, which contains 216 000 microwells, was used to demonstrate the single-molecule kinetic behavior of GUS. In each experiment, single enzyme molecules are trapped in individual 46 fL microwells containing many molecules of the enzyme's substrate. In the GUS-catalyzed reaction, nonfluorescent resorufin β-D-glucuronide (RDG) substrate is converted to fluorescent resorufin product, which is then read out on a fluorescence microscope. Since the microwells are isolated from each other by oil sealing, kinetic information on individual enzyme molecules can be extracted from the fluorescence images at high throughput (hundreds of enzyme molecules per image). This platform has proven to be a powerful tool for understanding enzyme kinetic properties of populations of molecules with single-molecule resolution. 11,17−21 In this work, the activities of hundreds of individual mutant GUS enzyme molecules were monitored simultaneously as a function of time in the microwell array. We observed a gradual population change from inactive to active enzymes, which helps to elucidate the hysteresis pathway (Scheme 1).
■ MATERIALS AND METHODS
Chemicals. Isopropylthio-β-galactoside, pierce protease inhibitor, superior broth, NuPAGE Tris-acetate gels, and spectra multicolor broad range protein ladder were purchased from Thermo Fisher Scientific (Waltham, MA). Benzonase nuclease was bought from EMD Millipore (St. Louis, MO) and used as received. All other chemicals were of analytical grade and were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise indicated.
Synthesis, Purification, and Characterization of GUS Protein. All types of GUS protein were synthesized in vivo using bacteria containing different plasmids. The plasmids were obtained by cloning the GUS variants' sequences into the pET28+ vector using the Gibson Assembly method. An Nterminal His6-tag was fused to all enzymes for affinity purification. Briefly, BL21 (DE3) bacteria containing WT (wild-type, pET21-β-glucuronidase), D1, D2, C133, or C262 plasmid (the corresponding mutations are listed in Table S1 ) were grown overnight in superior broth at 37°C. Cells were then diluted 1:200 using the same broth, and protein production was induced with 1 mM isopropylthio-β-galactoside during the mid-log phase at 18°C for 16−18 h. Harvested cells were resuspended and lysed by sonication in lysis buffer (pH 7.4, containing 50 mM sodium phosphate, 300 mM sodium chloride, 20 mM imidazole, pierce protease inhibitor, and Benzonase nuclease). Cell lysate was then centrifuged at 40 000g for 30 min at 4°C. Cleared cell lysate was then passed through a Ni-NTA agarose column. The column was first washed with five column volumes (CVs) of lysis buffer and then washed for five CVs with washing buffer 1 (pH 7.4, containing 50 mM sodium phosphate, 50 mM imidazole, and 300 mM sodium chloride). Next, the column was eluted with 3 mL of elution buffer (pH 7.4, containing 50 mM sodium phosphate, 500 mM imidazole, and 500 mM sodium chloride). The sample was then dialyzed overnight in dialyzing buffer (pH 7.4, containing 50 mM sodium phosphate, and 1 mM dithiothreitol). The samples were then passed through a size exclusion HiLoad 16/600 Superdex 200 (GE Life Sciences) chromatography column using washing buffer 2 (pH 8.0, containing 20 mM sodium phosphate, 25 mM imidazole, and 500 mM sodium chloride). Fractions containing the target protein were confirmed by SDS-PAGE and then were pooled and dialyzed once again in dialyzing buffer. Samples were then concentrated to 5−10 mg/mL in 4°C prechilled centrifuges and aliquoted into 50% glycerol for long-term storage at −20°C
. Before use, the enzyme concentration was determined by Nanodrop (Model One C , Thermo Fisher Scientific, MA). SDS-PAGE electrophoresis ( Figure S1 ) was carried out with a Mini gel tank (Thermo Fisher) with 1× Novex Tris-acetate SDS running buffer (Thermo Fisher) for 1 h at 150 V (PowerPac power supply, Bio-Rad, Hercules, CA). The gel was stained by Biosafe Coomassie G-250 stain (Bio-Rad, Hercules, CA) and imaged in a Bio-Rad ChemiDoc MP imager. Portions of 2 μg of each GUS protein were loaded into the NuPAGE 7% Tris-acetate protein gel (1.5 mm, 10-well, Invitrogen). A 20 μL portion of the protein ladder solution was loaded in the ladder lane as a reference.
Two mass spectrometry techniques were implemented to determine the quality of the synthesized proteins. The rapifleX MALDI Tissuetyper (Bruker, Billerica, MA) was used to determine the purity and integrity of the protein ( Figure S2 ): each different protein was heated at 70°C for 10 min and buffer exchanged five times into water containing 0.1% TFA. The matrix contains 1% sinapic acid and 50% acetonitrile. The proteomics results (Table S2) were provided by the Taplin Mass Spectrometry Facility at Harvard Medical School. From Table S2 , the protein coverage is in general higher than 90%, and almost all the mutations (except for C253V of D2, due to the loss of the fragment from 251 to 257) were able to be confirmed.
Characterizing the Hysteresis Kinetics by Plate Reader. A plate reader (Tecan Infinite 200 pro, Mannedorf, Switzerland) was used to acquire real-time fluorescence intensities during the catalytic reaction in bulk solution (20 μL). All kinetic measurements for RDG product were carried out at 25 or 37°C with 550 nm excitation and 590 nm emission, while for 4-methylumbelliferyl-β-D-glucuronide hydrate (4-mug) product, the wavelength was 360 nm excitation and 449 nm emission. Before experiments, the enzyme and substrate solutions were prewarmed, separately, to 25 or 37°C for 10 min before being mixed and put into the plate reader.
Single-Molecule Analysis Using Microwell Arrays. For single-molecule studies, different GUS samples were loaded into the microwell array (Scheme S1), isolated and sealed with oil, and then monitored individually. First, the microwell array disk (Scheme S1) was prewetted using 100 μL of dimethylsulfoxide, 100 μL of H 2 O, and 100 μL of 1× PBS buffer (pH 7.4, containing 0.1% bovine serum albumin), sequentially. Then, 50 μL of sample solution (1 pM GUS in 1× PBS buffer containing 100 μM RDG substrate and 0.1% bovine The microwell array platform can be used to study hundreds of individual enzyme molecules simultaneously and reveal the population change from inactive to active enzymes. serum albumin) was injected into the microwell array disk at a flow rate of 50 μL/min using a syringe pump. A 40 μL portion of Fluorinert FC-70 oil was then flowed through the fluidic channel to seal the microwells. The microwell array disk was then imaged using a fluorescence microscope (Olympus IX83, 1 s exposure, 20× objective) for kinetic studies. For each experiment, a new microwell array was used. Image analysis was performed using ImageJ software (National Institutes of Health).
Thermal Treatment. The ex situ heat-pulse was conducted by loading 50 μL of target solution in a thermocycler instrument (PCR System 2700, Applied Biosystems). After 1 min of incubation at 37°C, the solution was air-cooled to room temperature for 2 min before mixing with other components or direct fluorescence measurements either in the plate reader or microwells.
The in situ heating step was carried out by a self-designed custom heating platform (Scheme S3). A 5 mm × 10 mm copper block was fixed on top of the microwell array. The temperature of the heating block was controlled by the temperature controller (Model TC200, Thorlabs). The temperature of the heating block can increase from 25 to 37°C within 30 s. After sample solution was loaded and sealed in the microwell array, the single-molecule activities of GUS were monitored for a period of time, followed by an increase of temperature to 37°C while continuous measurements were made.
■ RESULTS AND DISCUSSION
For studies unrelated to the one described in this Article, we originally attempted to generate variants of GUS that would have a single cysteine on their surface, to facilitate surface immobilization. 22 Using the Rosetta suite of protein design tools, 23 ,24 the six surface available cysteines on each GUS monomer were mutated to residues predicted to minimally destabilize the protein. As shown in the crystal structure of WT GUS (Scheme S2), the six cysteines were not on or close to the active site (indicated by the substrate structure) so that the changes should not damage or interfere with the active site. The four GUS variants, abbreviated D1, D2, C133, and C262, were generated in which four or five of the six cysteines were replaced (Table S1 ). D1 and D2 were Rosetta designs, while C133 and C262 were controls in which a rational replacement of cysteine residues with serines was attempted. In the course of characterizing enzyme activities in solution, all four proteins were found to retain substantive activity but showed a lag in activity at 25°C ( Figure S3 ) that could be repaired in part by incubation at 37°C (see Figure 3) . The appearance of new hysteretic behavior in an engineered enzyme indicated that it might prove possible to learn more about how proteins inhabit energy landscapes, and the variant with the most obvious hysteretic behavior, C133, was chosen for more involved single-molecule studies.
To determine whether the overall stability properties of the engineered protein had changed, or whether the protein was now perhaps trapped in a newly created local free energy minimum, we attempted to measure the enzymatic activities of individual C133 and WT enzyme molecules in microwell arrays. Enzymatic turnover was first measured by monitoring fluorescence intensity changes resulting from the conversion of RDG to resorufin. Following the assessment of background fluorescence intensities at different concentrations of substrate ( Figure S4 ), we chose 100 μM substrate for additional singlemolecule studies.
The microarray disk for single-molecule studies contains 24 separate arrays, with each array comprising 216 000 4.25 μm diameter microwells (Scheme S1). Each array is contained within a fluidic channel to enable loading and sealing of the microwells. A 50 μL solution containing substrate and enzyme was flowed through the channel to load the array, and then, 40 μL of fluorinated oil was immediately injected to push out excess enzyme−substrate solution and seal the wells, confining fluorescent products of enzyme activity within each microwell. At sufficiently low concentrations of GUS, each microwell will have either one or zero enzyme molecules. 25 As a result, for a reaction that contains 1 pM GUS protein, the kinetics of up to 6000 single enzyme molecules can be monitored simultaneously. While flow cytometry can only monitor end-point signal intensity, 26 ,27 aqueous solutions can be kept inside the microwells for several hours without any leaking, 28 allowing the microscope to record signal changes over a long period and thereby derive the kinetic properties of each enzyme molecule.
In Figure 1a , the images of both WT and C133 singlemolecule assays revealed several bright wells that could be clearly distinguished from the background after 10 min. As expected, the fluorescent intensities of these bright wells increased with time. We chose three representative bright wells from each assay and plotted their average intensities versus time. The fluorescence of all three wells in the WT assay increased continuously from 0 to 40 min (Figure 1b) . In contrast, the bright wells of C133 exhibited very different kinetics, with two out of three enzyme molecules showing a period of "dormancy" before converting RDG to resorufin (Figure 1c) . Consistent with this result, the overall number of C133 bright wells increased over the observation time.
For comparison, we conducted fluorescence measurements in a plate reader with a much larger reaction volume (20 μL in the plate reader vs 46 fL in the microwell). The enzyme concentration was 36 pM in bulk solution, which should be equivalent to the concentration for one enzyme molecule present in one femtoliter microwell. As shown in Figure S3 , the fluorescence intensity of WT increased linearly from the very beginning of the experiment while the kinetics of C133 had a "lag" phase at the beginning and increased linearly only after 30 min.
While C133 consistently showed a hysteretic catalytic behavior, the fact that the lag period was clearly different in single-molecule and bulk studies reflected what we had previously seen: 11, 20 that individual enzyme molecules have divergent activities that can be averaged to recapitulate the bulk kinetic values typically observed. Thus, to better understand the molecular basis for C133's lag phase, we further analyzed hundreds of single molecules and created activity distribution histograms, as shown in Figure 2a (WT) and Figure 2b (C133). For WT, all molecules were initially active with fluorescence intensities increasing to a mean of 110 a.u. at t = 10 min and then increasing linearly afterward. In contrast, Figure 2b shows that the C133 population exhibited heterogeneous behavior following substrate addition. In one population, F well (average background-subtracted fluorescence intensity of each individual microwell) remained close to 0 a.u. during the time course, but the size of this population decreased as time passed. For the other population, F well increased linearly with a rate similar to the WT molecules, and as time passed, the size of this population grew. When the initial reaction rates of activated C133 molecules were quantitated, there was no significant difference, irrespective of whether an individual molecule of C133 became active at t = 0, 5, or 10 min ( Figure S5 ). All C133 molecules, once activated, had activities similar to WT. These results strongly suggest a two-state model for activation.
To compare the kinetics of enzyme activation between bulk and single-molecule measurements, we calculated: (a) the slope of fluorescence intensity as a function of time (d(I)/ d(t)) for the bulk enzyme, and (b) the active population percentage for C133 as a function of time (Figure 2c ). These curves were remarkably similar. Overall, we conclude that, as with other kinetic properties, the observed hysteresis in bulk is essentially an average of differential temporal activation of individual C133 molecules.
Previous work has shown that environmental conditions such as pH or temperature can change the hysteresis behavior by affecting the protein's conformation, via unfolding and folding. 29, 30 To explore whether single-molecule GUS hysteresis was uniformly or divergently perturbed, a 1 min 37°C heat-pulse was imposed on either the enzyme alone or the enzyme in the presence of substrate (where both enzymes maintain activity, Figure S6 ), and then cooling the reactions to 25°C prior to taking fluorescence measurements. In Figure 3a , the bulk measurement proved that heating C133 in the absence of substrate had no significant effect on the reaction's hysteresis stage, while heat treatment in the presence of substrate led to the elimination of hysteresis. For singlemolecule measurements, the heat-pulse pretreatment in the presence of substrate significantly affected hysteresis, with the time needed for complete activation of C133 being 30 min without the heat-pulse and 10 min with the heat-pulse ( Figure  3b ). Triplicate measurements indicated that there was a 10− 20% variation of the active population in the first 10 min while the variation decreased to less than 5% after more than 75% of the population was activated. When the initial reaction rate distributions of C133 with and without initial added substrate were plotted (Figure 3c) , it was clear that the ex situ heat-pulse did not change the distribution of the initial rate. We have measured the fluorescence change of WT GUS in the first 5 min with three parallel experiments and determined the average initial turnover rate (k i,ave ) in the first 5 min was about 32 ± 3 s , with a CV = 33% (Figures S7 and S8) . The k i,ave of C133 molecules was also calculated and is summarized in Table S3 and Figure S9 . It was found that k i,ave of C133 molecules that were activated at different time points varied from 26 to 33 s −1 , and the k i,ave of heat-pulse activated C133 was 41 s −1 , which are close to WT k i,ave , again supporting a two-state model for activation.
To further investigate this thermal effect at the single enzyme molecule level, and to exclude the possibility of activation kinetics being impacted by enzyme:enzyme interactions, we designed and built an in situ heating plate for the microwell array (Scheme S1). This allows the heat treatment to be implemented on single molecules after they are isolated and confined in the microwell. As shown in Figure 3d , we carried out three independent microwell assays and implemented heating at three different time points (indicated by arrows at t = 10, 20, and 40 min). An increase in temperature inevitably resulted in an increase in the active population of single molecules, consistent with activation in bulk.
On the basis of these results, we conclude that the hysteresis exhibited by mutant GUS is a reflection of a slow substrateinduced activation process, which is accelerated by thermal treatment. By comparing the difference between WT and mutant GUS, we hypothesize that the slow activation of mutant GUS is due to a kinetically trapped, inactive form of the newly synthesized enzyme. Binding to substrate can slowly drive the enzyme into its active conformation, and the kinetics of this process are accelerated by thermal energy. The wildtype enzyme either lacks the local free energy minimum exhibited by the mutant or has a substantially lower barrier for activation, allowing it to readily populate the active state even in the absence of a heat-pulse. To determine whether or not the conformational change is reversible, we first preactivated the enzyme molecules with a limited amount of substrate, as shown in Figure S10 . After the original substrate was depleted, the solution was diluted and spiked with more substrate to test the enzyme kinetics. As can be seen in the figure, both preactivated enzyme and nonactivated controls have the same kinetic properties, which prove that once the substrate was depleted, the preactivated enzyme returns to its inactive state and exhibits hysteretic behavior.
It was surprising that we were able to identify hysteretic behavior in an enzyme that had been rationally designed for other purposes, suggesting that kinetically trapped states might be far more common than is generally realized. To test this hypothesis, we analyzed the kinetics of several other mutant GUS enzymes that were designed and generated in parallel with C133 (D1, D2, and C262, see Table S1 ). Our results confirmed that all of the mutants exhibited hysteresis (Figures S3, S10, and S11) and that the lag phase can be eliminated by heating ( Figure S12 ). After hysteresis, the single-molecule initial rates of D2 proved to be the same as the WT and C133 ( Figure S5) ; however, the variant from Rosetta design has a shorter lag time than the manual design. Figure S11b shows that it took only 10 min for D2 to be completely activated, compared to 30 min for C133 as shown in Figure 3b . We assume that the variants based on Rosetta design were close to the original structure because the best amino acid substitutions (from the calculation) were used to maintain the stability of the new structure while the rational replacement with serines do not have such constraints.
Using a molecular dynamics (MD) simulation 31 we are able to observe how mutations in GUS influence the structure of the protein and the transition between conformations ( Figure  S13 ). In Figure S13 , when starting from homologues 32 of the crystal structure, both the WT GUS and the two mutants transition into stable conformations that are each subtly unique. The conformational positions of residues found near the active site and backbone positions located across the entire structure undergo intramolecular rearrangement during the simulation and eventually form stable structures. Using radius of gyration (R g ) as an indicator of intramolecular dynamics, 33 we observe that the WT GUS transitions into a conformation with a lower R g relatively quickly when compared to both mutants. In contrast, D2 and C133 maintain conformations closely related to the crystal structure for longer than the WT, before eventually transitioning into their more compact forms (C133 transitions slower than D2, which may explain why C133's hysteresis is longer). The compact conformations that exist at the end of the simulation ( Figure S13b ) also exhibit some variation between WT and mutants. When taken together, the conformations after 20 ns of MD and the R g seen throughout the MD, we conclude that intramolecular rearrangements and intramolecular dynamics of GUS have been affected by the mutations. We speculate that the interaction between the hysteretic enzyme and substrate is similar to the induced fit model of enzyme catalysis. 34, 35 According to the induced fit model, the substrate enables the enzyme to change its conformation to achieve optimal binding as a part of the catalytic reaction. In the hysteretic enzyme system in this work, the role of substrate may be similar, which is to guide the enzyme to undergo a conformational change and become activated. It is likely that mutant GUS does not bind well to substrate in its initial conformation, therefore exhibiting no activity. After interacting with substrate, the mutant GUS undergoes a conformational change and achieves tight binding. Once this substrate-induced process is complete, the mutant GUS remains activated as long as substrate is present. This hypothesis explains the requirement for substrate when the temperature was increased to accelerate the activation. Although there is no direct structural data to support the substrate-induced enzyme conformational change, the results described in this work provide a convincing mechanistic explanation for hysteresis in mutant GUS.
During the MD simulation, we observed that the intramolecular transitions from GUS homologues to their compact forms are due to conformational changes in the structure of the entire tetrameric complex, in contrast to independent changes of each monomeric unit. Therefore, any substrate-induced change will likely affect the structure of the complex as a whole. In addition, the active sites of GUS are located at the interfaces of subunits, and substrate binding should affect the adjacent units simultaneously; therefore, it is reasonable to assume that multiple substrate molecules bind to GUS protein cooperatively. The results in Figures 1 and 3 show that the activation of C133 is clearly a two-state process rather than a four-step activation and that the activated enzyme has the same activity as native GUS, which also supports this assumption.
To further explore the hysteresis behavior, we tested the cross activation between two types of substrates, 4-methylumbelliferyl-β-D-glucuronide hydrate (4-mug) and RDG. Figure S14 shows that both D2 and C133 demonstrated hysteresis with 4-mug, and a heat-pulse at 37°C eliminated the hysteresis, as was the case with RDG. It was also found that both D2 and C133 activated by 4-mug (through heat-pulse) react with RDG with no hysteresis ( Figure S14c ) and vice versa ( Figure S14d ). These results show that cross activation occurs between the two substrates. It is worth noting that when WT GUS reacted with 4-mug, there was a short lag at the very beginning; this phenomenon proved our assumption that WT GUS may contain an inactivated state, but the lower energy barrier allows conversion from an inactive to an active state at a rate that is too fast to be observed, when it reacts with RDG.
Safety Statement. No unexpected or unusually high safety hazards were encountered.
■ CONCLUSION
In conclusion, we observed multiple GUS mutants that exhibited hysteresis behavior after several surface cysteines were replaced with other amino acids. The single-molecule kinetic analysis of mutant GUS indicates the existence of an inactive intermediate before the enzyme folds into its active form. The hysteresis is a result of the slow conversion from an inactive population to an active population. The singlemolecule initial rate results indicate that there is no significant difference in the activity of WT and activated mutant GUS. The hysteresis can be eliminated when the reaction temperature is increased in the presence of substrates. Furthermore, we observed a return to the inactive state when substrate was removed. On the basis of these observations, we propose a possible hysteresis mechanism based on an induced fit model, in which the interaction of substrate with the hysteretic enzyme leads to a conformational change and activates the enzyme. The finding of thermal activation could be potentially useful in various applications. For example, a preheating step could be used for the enhancement of substrate or antibody binding in immunoassays. The mutant GUS with thermal switch-on properties can be used as a potential protein switch to sense and actuate molecular functions, which can be applied in diagnostics, drug metabolism, and other biosignaling transduction networks. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acscentsci.9b00718.
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